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CAS9

:   CRISPR‐associated protein 9

CRISPR

:   clustered regularly interspaced short palindromic repeats

EGFR

:   epidermal growth factor receptor

ERK

:   extracellular signal‐regulated kinases

MOSPD2

:   motile sperm domain‐containing protein 2

sh‐RNA

:   short hairpin RNA

Introduction {#ijc31665-sec-0001}
============

Metastases are responsible for most cancer deaths.[1](#ijc31665-bib-0001){ref-type="ref"} The migration process of tumor cells from the primary site to local and remote sites consists of a series of steps, all of which must be successfully completed to give rise to a metastatic tumor. From the early stage of transforming from epithelial to mesenchymal, tumor cells become migratory and respond to extracellular cues that induce crossing the tumor cells' epithelial basement membrane, intravasation into the circulation and then extravasation into distant organs to form metastases.[2](#ijc31665-bib-0002){ref-type="ref"}, [3](#ijc31665-bib-0003){ref-type="ref"} In context of breast cancer, a network of chemokines has been described that initiate and promote breast cancer cell migration. These chemokines include CXCL12, CCL21 and CX3CL1, all of which are expressed in the lung, liver, lymph nodes and bone, organs into which breast cancer cells disseminate preferentially.[4](#ijc31665-bib-0004){ref-type="ref"}, [5](#ijc31665-bib-0005){ref-type="ref"}, [6](#ijc31665-bib-0006){ref-type="ref"} At the same time, the counterpart receptors for these chemokines, CXCR4, CCR7 and CX3CL1, respectively, were shown to be overexpressed in metastatic breast tumor and cell lines and to promote breast cancer dissemination.[4](#ijc31665-bib-0004){ref-type="ref"}, [6](#ijc31665-bib-0006){ref-type="ref"}, [7](#ijc31665-bib-0007){ref-type="ref"}, [8](#ijc31665-bib-0008){ref-type="ref"} Induction of breast cancer cell metastasis is not contingent to chemokines only and can also be attributed to growth factors, in particular epidermal growth factor (EGF), which interacts with receptor tyrosine kinase (RTK) epidermal growth factor receptor (EGFR). Engagement of chemokine receptor or RTK induces phosphorylation and downstream signaling events, including the PI3K‐AKT and MEK‐ERK pathways, which are fundamental for chemotaxis directed migration.[9](#ijc31665-bib-0009){ref-type="ref"}, [10](#ijc31665-bib-0010){ref-type="ref"}, [11](#ijc31665-bib-0011){ref-type="ref"} Given the influence of chemokines on a range of processes associated with cancer metastases, it was expected that the use of chemokine antagonists would have a beneficial effect. Whereas pre‐clinical studies targeting chemokine receptors or their ligands significantly inhibited breast cancer metastasis,[12](#ijc31665-bib-0012){ref-type="ref"}, [13](#ijc31665-bib-0013){ref-type="ref"} none of these treatments are implemented in clinical settings.

Motile sperm domain‐containing protein 2 (MOSPD2) is a single‐pass membrane protein to which no function was ascribed up until recently. We showed previously that MOSPD2 is expressed on the plasma membrane of human monocytes and that targeting of MOSPD2 inhibits their migration without affecting proliferation.[14](#ijc31665-bib-0014){ref-type="ref"} We therefore hypothesized that MOSPD2 also promotes metastasis of cancer cells. Human Protein Atlas and TCGA data bases show that MOSPD2 RNA is detected in all cancer types and its expression is in inverse correlation to survival ([https://www.proteinatlas.org/ENSG00000130150‐MOSPD2/pathology](https://www.proteinatlas.org/ENSG00000130150-MOSPD2/pathology)). The abundance of MOSPD2 was initially evaluated using a tumor microarray covering a wide range of cancer types. MOSPD2 was detected in the majority of cancerous organs, at concentrations that were higher than those found in normal tissue. Since breast cancer is one of the more experimentally studied cancers, tumor microarrays containing samples from different stages of the disease were tested, revealing that MOSPD2 prevalence is correlated with disease progression. Silencing gene expression in different breast cancer cell lines significantly inhibited migration and invasion as well as downstream EGFR signaling cascades *in vitro* without affecting cell proliferation. *In vivo*, MDA‐231 cells with silenced MOSPD2 displayed impaired ability to disseminate to the lungs. Taken together, we suggest that MOSPD2 regulates migration and metastasis of breast cancer cells and is a potential target for the treatment of metastatic breast cancer.

Materials and Methods {#ijc31665-sec-0002}
=====================

Mice {#ijc31665-sec-0003}
----

Female 8‐ to 10‐week‐old SCID (C.B‐17/IcrHsd‐Prkdcscid) mice were purchased from Harlan Laboratories, Israel. All experiments were approved by the Institutional Animal Care and Use Committee of the Sheba Medical Center, Ramat Gan, Israel.

MOSPD2 silencing {#ijc31665-sec-0004}
----------------

Human breast cancer cell lines MDA‐MB‐231 (hereafter MDA‐231) (ATCC® HTB‐26™), BT‐20 (ATCC® HTB19™) and ZR‐75‐1 (ATCC® CRL‐1500™) were purchased from ATCC. The cells were used in the described experiments between 2 and 6 weeks from thawing. Cells (2 × 10^6^ in 2 mL) were placed in a 15 mL tube and lentiviral particle‐expressing control short hairpin RNA (sh‐Control) (SHC202V, Sigma, Israel) or human MOSPD2 (sh‐MOSPD2) Exon 4 (TRCN0000323142 Sigma) were applied on the cells, which were then spun for 60 min at 2,000 rpm at room temperature in the presence of 8 μg/mL polybrene (Sigma). The cells were then seeded in a 6‐well plate. After 72 hr, fresh medium containing puromycin (4 μg/mL Sigma) was added for the selection of transduced cells. For CRISPR‐CAS9 (hereafter CRISPR)‐mediated silencing, cells were transduced with CRISPR non‐target control (CRISPR‐Control) (CRISPR12V, Sigma), CRISPR human MOSPD2 Exon 3 (CRISPR‐MOSPD2) (HS0000528665, Sigma) or Exon 9 (HS0000176080, Sigma) lentiviral particles as described above. Single‐cell cloning was performed on CRISPR‐transduced cells to isolate cells with silenced MOSPD2 protein expression.

Generation of anti‐MOSPD2 polyclonal antibody {#ijc31665-sec-0005}
---------------------------------------------

Rabbits were immunized with approximately 0.5 mg of HA‐rh MOSPD2 emulsified in complete Freund\'s adjuvant followed by three boosts every 3 weeks of approximately 0.25 mg of HA‐rh MOSPD2 emulsified in incomplete Freund\'s adjuvant. Serum was collected 1 week after each boost for immunogenicity assessment and titers. α‐MOSPD2 antibodies were isolated from serum using protein A/G beads (Santa Cruz Biotechnology, CA).

*In vitro* trans‐well migration and invasion assay {#ijc31665-sec-0006}
--------------------------------------------------

To test for trans‐well migration, sh‐Control or sh‐MOSPD2 transduced cells (3 × 10^5^), previously starved for 3 hr in 0.5% FBS/RPMI‐1640, were seeded in the upper chamber of a QCM 24‐well, 5 μm pores, migration assay plate (Corning‐Costar, Corning, NY), followed by incubation for 24 hr in the presence of 10% FBS/RPMI‐1640 and EGF (20--200 ng/mL, Peprotech, Israel) in the lower chamber. Cells that migrated to the lower compartment were subsequently stained with crystal violet before images were taken. Cells transduced with CRISPR‐Control or MOSPD2 lentiviral particles were similarly treated and tested for migration. In addition, Control‐transduced or MOSPD2 CRISPR‐transduced MDA‐231 cells (3 × 10^5^) were counted in the lower chamber using FACS. The 96‐well CULTREX® 3D Culture BME Cell Invasion Assay was used for the 3D spheroid invasion assay according to manufacturer\'s protocol. Cells were harvested, counted and mixed with 10× Spheroid Formation ECM and medium. Then, 50 μL of the single cell suspension in 1× Spheroid Formation ECM were added to each well of the 3D Culture Qualified 96 Well Spheroid Formation Plate in triplicates. The plate was centrifuged at 200*g* for 3 min at room temperature in a swinging bucket rotor and incubated at 37°C for 72 hr to promote spheroid formation. After 72 hr, the 96‐well 3D Culture Qualified Spheroid Formation Plate was incubated on ice for 15 min to cool the wells. Working on ice, 50 μL of Invasion Matrix was added to each well in the Formation Plate. The plate was centrifuged at 300*g* at 4°C for 5 min in a swinging bucket rotor to eliminate bubbles and position spheroids in the Invasion Matrix toward the middle of the well. After 1 hr, 100 μL of warm cell culture medium (37°C) with 20% FBS and 20 ng EGF was added and left to rest for 3--6 days at 37°C.

The spheroid in each well was photographed every 24 hr using a 4× objective.

Cell proliferation {#ijc31665-sec-0007}
------------------

For cell proliferation in culture medium, cells transduced with sh‐Control or sh‐MOSPD2 lentiviral particles were seeded in 6‐well plates (10^4^ per well). The cells were counted in triplicate by FACS every 24 hr for three consecutive days. To measure proliferation within the spheroid, cells were seeded as described above in the 96‐well CULTREX® 3D Culture BME proliferation assay. After 3 days, 50 μL of warm cell culture medium (37°C) was added to enable proliferation. To measure mitochondrial activity as an indicator of live cells, 10 μL of Resazurin was added for an additional 24 hr at 37°C, after which 100 μL of detergent reagent was added for an additional 24 hr. Absorbance was read at 570 nm.

Western blotting {#ijc31665-sec-0008}
----------------

Cells (10^6^) were washed and re‐suspended in lysis buffer containing 1:100 dithiothreitol (DTT), and phosphatase and protease inhibitors (Thermo Scientific, MA). Samples were loaded onto a precast Criterion TGX gel (Bio‐Rad, Hemel Hempstead, UK) and transferred onto nitrocellulose membrane. Blots were blocked with 5% milk or BSA in Tris‐buffered saline and Tween 20 (TBST) for 1 hr, followed by incubation with primary and secondary antibodies. Membranes were developed using an ECL kit (Thermo Scientific). The following antibodies were used for immunoblotting.

### *Primary antibodies* {#ijc31665-sec-0009}

Rabbit anti‐MOSPD (1:5,000) was generated in‐house. Phospho‐extracellular‐regulated kinase (p‐ERK1/2) (Thr 183 and Tyr 185, 1:4,000) and phospho‐EGFR (Y‐869 1:1000) were purchased from Sigma (Israel). Phospho‐AKT (Ser 473, 1:1,000), phospho‐EGFR (Y1068 and Y1173, 1:1,000), EGFR (1:1,000), phospho‐GAB1 (Y659 1:1,000), phospho‐SHP‐2 (1:1,000) and phospho‐p38 (1:1,000) were purchased from Cell Signaling, MA. Phospho‐EGFR (Y845 1:1,000) was purchased from EMD Millipore, MA. Heat shock protein (HSP) 90 (1:1,000) was purchased from Santa Cruz Biotechnology (TX).

### *Secondary antibodies* {#ijc31665-sec-0010}

HRP donkey anti‐rabbit (1:5,000) and HRP goat anti‐mouse (1:5,000) were purchased from Jackson ImmunoResearch (West Grove, PA).

Tissue microarray staining and image analysis {#ijc31665-sec-0011}
---------------------------------------------

To assess the prevalence of MOSPD2, tissue arrays of multiple organ tumor tissue and normal tissue MC6163, and normal tissue and breast cancer T088B and BR2082a tumor microarrays (US Biomax Rockville, MD) were stained with validated rabbit anti‐MOSPD2 Prestige antibody® (1:80, Sigma) or control rabbit antibody (R&D Systems) for 40 min, after which an ultraView Universal DAB Detection Kit (Ventana Medical Systems, 760‐500) was applied. MOSPD2 abundance was scored according to Junttila *et al*.[15](#ijc31665-bib-0015){ref-type="ref"} who defined semi‐quantitative IHC scores on a scale of 0--3, where 0 means no staining, 1 is weak, 2 is moderate and 3 is strong staining. When heterogeneous staining within a single core was observed, the score referred to the area with the highest coverage. Scoring was performed by two individual scientists in a blinded fashion.

*In vivo* breast cancer models and metastasis assessment {#ijc31665-sec-0012}
--------------------------------------------------------

### Systemic {#ijc31665-sec-0013}

MDA‐231 (10^6^) CRISPR‐Control or CRISPR‐MOSPD2 isolated clone 14 cells were injected into the tail veins of 8‐week‐old female SCID mice (C.B‐17/IcrHsd‐Prkdc ^scid^, Harlan). Mice were sacrificed after 4 weeks. Lungs were excised for histopathologic examination.

### *Orthotopic* {#ijc31665-sec-0014}

MDA‐231 cells (5 × 10^6^) transduced with sh‐Control or sh‐MOSPD2 lentiviral particles were injected into the mammary fat pads of 8‐week old female SCID mice (C.B‐17/IcrHsd‐Prkdc^scid^, Harlan). Mice were sacrificed after 10 weeks. Ipsilateral inguinal lymph nodes and lungs were excised for examination.

Histology slides were stained with hematoxylin/eosin (H&E). Formalin‐fixed lungs were dehydrated, embedded in paraffin, and sectioned at 4 μm thickness. The H&E staining was calibrated on a Leica staining module. The slides were warmed to 90°C for 7 min and then processed according to a fully automated protocol. After sections were dewaxed and rehydrated, slides were stained for 7 min in Gill\'s Hematoxylin No. 3 (Surgipath), washed, dipped in acidic alcohol and washed. After short dipping in 70% ethanol and 96% ethanol, slides were stained for 4 min in Eosin (Sigma), and dehydrated in 96% ethanol and then twice in 100% ethanol for 1 min each time. After automated staining run was completed, sections were cleared in xylene for 10 s and mounted with Entellan.

Statistical analysis {#ijc31665-sec-0015}
--------------------

Data were analyzed using SigmaPlot 12. Student\'s *t* test or Mann--Whitney test were used for comparisons between the two groups.

Results {#ijc31665-sec-0016}
=======

MOSPD2 is highly expressed in malignant and metastatic breast cancer {#ijc31665-sec-0017}
--------------------------------------------------------------------

The prevalence of MOSPD2 was initially assessed in multiple organ tumors and normal tissue. MOSPD2 expression was evident in the majority of organ tumors (15/19) including colon, esophagus, liver and breast (Fig. [1](#ijc31665-fig-0001){ref-type="fig"} *a* and Table [1](#ijc31665-tbl-0001){ref-type="table"}). Furthermore, with the exception of testis, normal tissue was either devoid of MOSPD2 or had a lower mean score than its parallel tumor tissue (Table [1](#ijc31665-tbl-0001){ref-type="table"}). Breast cancer is one of the more experimentally studied tumors, with ample data generated from various cell lines and animal models. To reinforce breast cancer staining data obtained from the multiorgan array, the prevalence of MOSPD2 was assessed using tissue microarrays containing breast‐only cores of one normal tissue, one normal adjacent tissue (NAT), and invasive ductal carcinoma grade 2 taken from four different subjects. Strong MOSPD2 staining was detected in all four samples of invasive ductal carcinoma when compared to staining with control antibody, whereas none of the two normal tissue and NAT samples tested positive (Fig. [1](#ijc31665-fig-0001){ref-type="fig"} *b*). Next, we searched for a correlation between the level of MOSPD2 expression and the pathology diagnosis/stage, ER, PR or HER markers using tumor microarray that included an extended number of cases. While we could not establish a correlation between MOSPD2 staining intensity and the expression of ER, PR or HER, we found a clear correlation between staining intensity and the degree of invasiveness (Fig. [1](#ijc31665-fig-0001){ref-type="fig"} *c*). No staining was obtained in 82% of the NAT samples, while the remaining 18% percent displayed a staining intensity of 1. In the cores pathologically characterized as carcinoma in situ, 79% of samples displayed no staining, while the remaining 21% scored 1 or 2. However, compared to NAT and carcinoma in situ tissue, invasive and metastatic tissues demonstrated a higher frequency of staining intensity 2 as well as staining intensity scores of up to 3 (Fig. [1](#ijc31665-fig-0001){ref-type="fig"} *d*). Thus, the combined scores of staining intensities 2 and 3 for invasive lobular carcinoma, invasive ductal carcinoma and metastatic invasive ductal carcinoma were 63% (12/19), 77% (50/65) and 81% (25/31), respectively. These results indicate that MOSPD2 prevalence may be associated with the transition of breast cancer cells from being locally restricted to being invasive.

![MOSPD2 is highly prevalent in invasive breast cancer tissue. (*a*) Tissue arrays of multiple organ tumor and normal tissues were stained with antibody to human MOSPD2, as described in "Materials and Methods." Representative staining of various normal and tumor organs is presented. One of two independent stained arrays is shown. (*b*) Breast cancer tissue array containing normal, NAT and invasive ductal carcinoma tissue was stained with anti‐MOSPD2 antibody or control antibody. Representative staining is shown. (*c*) Examples from breast cancer tissue array representing the abundance of MOSPD2 in NAT, primary, invasive and metastatic breast cancer tissue stained with anti‐MOSPD2 antibody. (*d*) Scoring summary based on staining intensity of MOSPD2 from pathology diagnosis groups shown in *c*. NAT, normal adjacent tissue; ID, intra‐ductal carcinoma; LC, lobular carcinoma; ILC, invasive lobular carcinoma; IDC, invasive ductal carcinoma; MIDC, metastatic invasive ductal carcinoma. \*\**p* ≤ 0.001. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](IJC-144-125-g001){#ijc31665-fig-0001}

###### 

Results of IHC MOSPD2 staining of multiple organ tumor and normal tissue microarray

                   Number of MOSPD2^+^ samples (%) and *mean intensity score*   
  ---------------- ------------------------------------------------------------ -------------
  Bladder          0/7 (0)                                                      0/20 (0)
                   *0*                                                          *0*
  Cerebrum         0/8 (0)                                                      0/20 (0)
                   *0*                                                          *0*
  Breast           0/7 (0)                                                      5/20 (25)
                   *0*                                                          *0.25*
  Colon            0/7 (0)                                                      7/9 (78)
                   *0*                                                          *1.40*
  Esophagus        0/8 (0)                                                      10/20 (50)
                   0                                                            *0.65*
  Head and neck    0/8 (0)                                                      3/20 (15)
                   *0*                                                          *0.15*
  Kidney           0/8 (0)                                                      6/19 (31.6)
                   *0*                                                          *0.37*
  Liver            0/8 (0)                                                      9/20 (45)
                   *0*                                                          *0.60*
  Lung             0/8 (0)                                                      7/48 (14.5)
                   *0*                                                          *0.17*
  Lymph node       0/8 (0)                                                      0/20 (0)
                   *0*                                                          *0*
  Ovary            0/8 (0)                                                      6/20 (30)
                   *0*                                                          *0.41*
  Pancreas         1/8 (12.5)                                                   7/20 (35)
                   *0.13*                                                       *0.40*
  Prostate         0/6 (0)                                                      0/22 (0)
                   *0*                                                          *0*
  Soft tissue      0/8 (0)                                                      5/9 (56)
                   *0*                                                          *0.67*
  Stomach          0/8 (0)                                                      0/20 (0)
                   *0*                                                          *0*
  Testis           5/7 (71)                                                     1/20 (5)
                   *0.71*                                                       *0.10*
  Thyroid gland    2/8 (25)                                                     10/20 (50)
                   *0.25*                                                       *0.57*
  Uterine cervix   0/8 (0)                                                      5/20 (25)
                   *0*                                                          *0.20*
  Uterus           4/8 (50)                                                     14/18 (78)
                   *0.50*                                                       *1.06*

MOSPD2 is required for the migration and invasion of breast cancer cells *in vitro* {#ijc31665-sec-0018}
-----------------------------------------------------------------------------------

We previously silenced the expression of MOSPD2 in human monocytes using sh‐RNA lentiviral particles targeting two different exons, 4 and 14, with the former being more efficient.[14](#ijc31665-bib-0014){ref-type="ref"} To investigate whether MOSPD2 is required for the migration and invasion of breast tumor cells, its expression was first silenced in the basal MDA‐231 breast cancer cell line using sh‐MOSPD2 lentiviral particles targeting exon 4 (Fig. [2](#ijc31665-fig-0002){ref-type="fig"} *a*). The cells were then tested in a trans‐well migration assay in the presence of EGF, which was previously reported to strongly promote chemotaxis but not proliferation of MDA‐231 breast cancer cells.[16](#ijc31665-bib-0016){ref-type="ref"}, [17](#ijc31665-bib-0017){ref-type="ref"} The results depicted in Figure [2](#ijc31665-fig-0002){ref-type="fig"} *a* show that MOSPD2‐silenced MDA‐231 breast cancer cells were severely impaired in their ability to migrate toward a medium containing EGF *in vitro*. This effect was not due to attenuated proliferation, as MOSPD2‐silenced cells proliferated at a comparable rate to control cells (Fig. [2](#ijc31665-fig-0002){ref-type="fig"} *b*). Periodic evaluation of the silenced cells revealed, however, that with time, MOSPD2 escape variants emerge. In an attempt to institute durable silencing, we transduced MDA‐231 cells with CRISPR‐lentiviral particles that target exon 3 or exon 9 of the MOSPD2 gene. Following cloning, isolated clones were examined for *in vitro* migration using EGF for chemoattraction. Figures [2](#ijc31665-fig-0002){ref-type="fig"} *c*--2*e* present data for three clones, Nos. 7, 14 and 17, which were isolated from exon 3 targeted MOSPD2‐silenced cells, compared to control transduced cells. Sequencing of these clones showed that the CRISPR‐MOSPD2 DNA target region for Clone 7 was not altered, while Clones 14 and 17 harbored nucleotide deletions and mismatches (Supporting Information Fig. S1). When MOSPD2 protein was assessed, Clone 7 demonstrated higher MOSPD2 levels than CRISPR‐Control transduced cells, whereas Clones 14 and 17 displayed extremely low MOSPD2 levels, with Clone 14 exhibiting the lowest level (Fig. [2](#ijc31665-fig-0002){ref-type="fig"} *c*). Clone 7 migrated in higher numbers than did control transduced cells, whereas Clones 14 and 17 demonstrated a profoundly impaired ability to migrate (Figs. [2](#ijc31665-fig-0002){ref-type="fig"} *d* and 2*e*). Reduced migration was also observed when MOSPD2 expression was silenced in MDA‐231 cells by targeting exon 9 (Figs. [2](#ijc31665-fig-0002){ref-type="fig"} *f* and 2*g*). All CRISPR‐MOSPD2 silenced cells subsequently used were targeted in exon 3. Taken together, these results indicate that the extent of migration of MDA‐231 breast cancer cells *in vitro* is in direct correlation with the expression level of MOSPD2, which is not involved in cell proliferation. Next, we assessed whether MOSPD2 is essential for migration of breast cancer cell lines other than MDA‐231 and for invasion. To that end, a basal BT‐20 breast cancer cell line was MOSPD2 silenced by sh‐lentiviral particles and tested for migration. Figure [2](#ijc31665-fig-0002){ref-type="fig"} *h* shows that silencing MOSPD2 in BT‐20 profoundly inhibited their migration toward EGF. Tumor cell dissemination involves intra‐ and extravasation through the extracellular matrix. We therefore also tested the effect of MOSPD2 deficiency on chemotaxis migration of breast cancer cells in invasion matrix. In MDA‐231 cells, silencing of MOSPD2 profoundly abrogated their ability to traverse the invasion matrix without affecting their proliferation (Figs. [3](#ijc31665-fig-0003){ref-type="fig"} *a* and 3*b*). ZR‐75‐1 is a luminal (ER^+^) breast cancer line of cells that is capable of traversing invasion matrix. Figure [3](#ijc31665-fig-0003){ref-type="fig"} *c* shows that invasion of MOSPD2‐silenced ZR‐75‐1 cells was completely suppressed.

![MOSPD2 promotes migration of breast cancer cells. (*a*) Western blot for the detection of MOSPD2 protein using anti‐MOSPD2 antibody on MDA‐231 breast cancer cells transduced with sh‐Control or sh‐MOSPD2 lentiviral particles and trans‐well migration toward EGF (200 ng/mL) of these cells, as described in "Materials and Methods." Photos of well bottoms are shown. One of four experiments is presented. (*b*) Proliferation assay of sh‐Control *vs*. sh‐MOSPD2‐treated MDA‐231 cells. One of two experiments is shown. (*c*) Western blot for the detection of MOSPD2 protein expression on clones derived from MDA‐231 cells transduced with CRISPR‐Control or CRISPR‐MOSPD2 lentiviral particles targeting exon 3. (*d*) Trans‐well migration of clones in *c*. Photos of well bottoms are shown. One of three experiments is presented. (*e*) Enumeration of cells in *d* by flow cytometry. (*f*) Western blot for the detection of MOSPD2 on clones derived from MDA‐231 cells transduced with CRISPR‐Control or CRISPR‐MOSPD2 lentiviral particles targeting exon 9. (*g*) Trans‐well migration of clones in *f*. Photos of well bottoms are shown. One of three experiments is presented. (*h*) Western blots and trans‐well migration of sh‐Control compared to sh‐MOSPD2‐silenced BT‐20 cells. Photos of the lower part of the membrane are shown. One of three experiments is presented. \**p* \< 0.05, \*\**p* ≤ 0.001. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](IJC-144-125-g002){#ijc31665-fig-0002}

![MOSPD2 is essential for invasion of breast cancer cells. MDA‐231 (*a*) or ZR‐75‐1 (*c*) cell lines were transduced with CRISPR‐Control or CRISPR‐MOSPD2 lentiviral particles. Control and MOSPD2‐silenced clones were tested using a 3D spheroid invasion assay for their ability to transverse the basement membrane matrix in medium containing 20% FBS and EGF 20 ng/ml for 3 days for MDA‐231 or 6 days for ZR‐75‐1 cells. (*b*) Proliferation assay of CRISPR‐Control *vs*. CRISPR‐MOSPD2‐treated MDA‐231 cells in the spheroid. One of two experiments is shown. The results shown are expressed as mean ± SD. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](IJC-144-125-g003){#ijc31665-fig-0003}

MOSPD2 promotes EGF‐induced signaling events in breast cancer cells {#ijc31665-sec-0019}
-------------------------------------------------------------------

Ligation to EGFR induces a cascade of signaling events that involve phosphorylation downstream of the receptor and results in protrusions required for directional migration. We sought to investigate the molecular basis for MOSPD2's role in breast cancer cell migration by assessing initiation and/or ensuing signals driven by EGFR. When CRISPR‐Control MDA‐231 cells were activated with EGF, all tested proteins, from the receptor itself (Y1068) to those directly recruited to the EGFR, GAB1 and SHP‐2, as well as downstream p38 and AKT, were phosphorylated. The extent of ERK phosphorylation was examined, but due to high baseline phosphorylation levels, no activation could, by and large, be observed. Yet, upon activation of CRISPR‐MOSPD2 silenced cells with EGF, phosphorylation of all tested proteins excluding p38 was markedly inhibited (Fig. [4](#ijc31665-fig-0004){ref-type="fig"} *a*). To determine whether impaired signaling events subsequent to EGF ligation were common to different breast cancer cells lines in which MOSPD2 expression is abrogated, control or MOSPD2‐silenced BT‐20 or ZR‐75‐1 cell lines were activated with EGF and examined for downstream cues. Figures [4](#ijc31665-fig-0004){ref-type="fig"} *b* and 4*c* demonstrate that phosphorylation of EGFR, as well as of AKT and ERK, was reduced in MOSPD2‐silenced cells. IGF is another growth factor that is also associated with breast cancer invasion. In contrast to EGF‐induced activation, ligation of IGF‐1 induced comparable AKT phosphorylation in CRISPR‐Control and CRISPR‐MOSPD2 MDA‐231 cells (Fig. [4](#ijc31665-fig-0004){ref-type="fig"} *d*), suggesting a degree of specificity in which receptor tyrosine kinase is functionally associated with MOSPD2. Ligation of EGF induces phosphorylation of the receptor on tyrosine residues other than Y1068. An analysis of some of those sites revealed that phosphorylation was profoundly decreased on all tested tyrosine residues of EGFR in MOSPD2‐silenced cells. Attenuated phosphorylation was not due to reduced expression of EGFR (Fig. [4](#ijc31665-fig-0004){ref-type="fig"} *e*).

![MOSPD2 is essential for EGF‐induced signaling pathways in breast cancer cells. Western blots on MDA‐231 breast cancer cells transduced with CRISPR‐Control or CRISPR‐MOSPD2 lentiviral particles and activated with EGF (*a, d* and *e*) or IGF (*d*) for 5 min. In E, the number of tyrosine residue on EGFR is indicated. One of 2--3 experiments is shown. BT‐20 (*b*) and ZR‐75‐1 (*c*) control and MOSPD2‐silenced cells were activated with EGF for 1 and 5 min. Phosphorylation of the EGFR and downstream cues are shown. EGF 20--200 ng/mL. One of three experiments is presented.](IJC-144-125-g004){#ijc31665-fig-0004}

MOSPD2 promotes breast cancer cell metastasis {#ijc31665-sec-0020}
---------------------------------------------

Next, we studied the role of MOSPD2 in breast cancer cell metastasis. To that end, SCID mice were injected orthotopically with sh‐Control or sh‐MOSPD2 MDA‐231 cells. On the day of sacrifice, ipsilateral lymph nodes from mice injected with sh‐MOSPD2 MDA‐231 cells were profoundly smaller than those excised from mice injected with sh‐Control transduced cells (Fig. [5](#ijc31665-fig-0005){ref-type="fig"} *a*). These results indicate that a smaller number of tumor cells traveled from the injection site to the draining lymph node. Moreover, the area covered by metastases in the lungs was significantly smaller in mice injected with sh‐MOSPD2 (Fig. [5](#ijc31665-fig-0005){ref-type="fig"} *b*) but the size of the primary tumor was not significantly different between the groups (Fig. [5](#ijc31665-fig-0005){ref-type="fig"} *c*). We also examined the effect of MOSPD2 silencing on lung metastases following injection of MDA‐231 CRISPR‐Control or CRISPR‐MOSPD2 isolated clone 14 cells. The results demonstrate that the tumor burden in the lungs of mice transferred with CRISPR‐MOSPD2 clone 14 cells was significantly lower compared to control mice (Figs. [5](#ijc31665-fig-0005){ref-type="fig"} *d* and 5*e*).

![MOSPD2 promotes metastasis of MDA‐231 breast cancer cells. (*a,b*) SCID mice were injected in the mammary fat pad with MDA‐231 breast cancer cells (5 × 10^6^) transduced with sh‐Control or sh‐MOSPD2 lentiviral particles (*n* = 11 and *n* = 8, respectively). Mice were sacrificed on day 70. The ipsilateral inguinal lymph node was excised (*a*), lungs were harvested for H&E staining, and the tumor area was determined (*b*). (*c*) Tumor volume comparison between mice orthotopically injected with CRISPR‐Control or CRISPR‐MOSD2‐treated MDA‐231 cells. Tumor growth was monitored externally using caliper. Tumor volume = (length × width^2^)/2. (*d,e*) SCID mice were injected into the tail vein with MDA‐231 breast cancer cells (10^6^) transduced with Control‐CRISPR or MOSPD2‐CRISPR‐isolated clone 14 (*n* = 11 and *n* = 7, respectively). Mice were sacrificed after 3 weeks and their lungs were excised for histopathologic examination. The results shown are expressed as mean ± standard error of measured metastasis size. Mean tumor area comprises the maximal lung tumor area measured for each mouse. \**p* ≤ 0.05, \*\**p* ≤ 0.005. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](IJC-144-125-g005){#ijc31665-fig-0005}

Discussion {#ijc31665-sec-0021}
==========

The spread of cancer cells outside the inception site involves receptor activation that promotes dissemination of cells to other tissues. Preventing cancer cells from metastasizing remains an extremely challenging task, and identifying new therapeutic targets that inhibit migration and metastasis of tumor cells could prove beneficial. MOSPD2, which was recently found to play an essential role in human monocyte migration, was explored for its potential to regulate cancer cell migration and metastasis. We initially found that MOSPD2 is induced in many types of cancer, whereas it is absent or significantly less abundant in normal tissue. When further investigated in breast cancer tissues, MOSPD2 levels were correlated with the stage of invasiveness, that is, absent or residual in normal breast tissue, mildly increased at the early stage of *in situ* carcinoma and profoundly elevated in invasive and metastatic breast cancer. Intense MOSPD2 staining in breast cancer tissue appeared to be located primarily in the intracellular compartment. Whether this is a display of the full‐length MOSPD2 or a different isoform of the protein is still under investigation. Nonetheless, MOSPD2 expression was not restricted to the intracellular compartment as cell fractionation and staining by flow cytometry showed that MOSPD2 is also present on the plasma membrane (Supporting information Fig. S2), suggesting potential relevance for MOSPD2 as a therapeutic target for treatment with antibodies or small molecules. Even though MOSPD2 did not promote MDA‐231 cell line proliferation *in vitro* and the primary tumor volume *in vivo* was largely comparable between control and MOSPD2‐silenced groups, the reduced size of lymph nodes and the lower number of lung metastases excised from mice inoculated with MOSPD2‐silenced cells further support the important role MOSPD2 plays in promoting metastasis.

The striking effect that MOSPD2 silencing had on the migration of breast cancer cells warranted further exploration of the molecular basis of its function. We found that the initial event subsequent to ligation of EGF, that is, autophosphorylation of EGFR at tyrosine 1068, is impaired in MDA‐231 cells. Indeed, all downstream signaling pathways were expected to be perturbed. This was true for the most part, as phosphorylation of proteins that are recruited to the EGFR or the downstream AKT, a paramount mediator of migration, was markedly affected in MDA‐231 cells. However, phosphorylation of p‐38 was not altered by MOSPD2 silencing, thus indicating a degree of selectivity in its regulation of EGFR activation. Nonetheless, testing the effect of MOSPD2 silencing on other tyrosine residues of the EGFR following EGF binding showed decreased phosphorylation as well. Further support for the functional specificity of MOSPD2 came from the effect on signaling induced by IGF‐1. Activation of the IGF‐1 receptor (IGF‐1R), which also belongs to the RTK family, triggers phosphorylation of AKT[18](#ijc31665-bib-0018){ref-type="ref"} and IGF‐1R is implicated in the adhesion, invasion, and metastasis of breast cancer cells.[19](#ijc31665-bib-0019){ref-type="ref"} However, in contrast to the effect observed with EGF‐induced signaling, IGF‐1R‐driven phosphorylation of AKT was not altered in MOSPD2‐silenced MDA‐231 cells. This result indicates that MOSPD2 does not promote activation of RTK indiscriminately. Perturbed migration and impaired phosphorylation of the EGFR and sequential signaling events was not unique to MDA‐231 cells and was observed also in two other MOSPD2‐silenced breast cancer cell lines, the basal BT‐20 and luminal ZR‐75‐1. We, therefore, suggest that MOSPD2 is generally implicated in breast carcinogenesis and is a potential target for the treatment of breast cancer of different classifications.

Several reports showed that blocking EGFR inhibits metastasis of breast cancer cells.[9](#ijc31665-bib-0009){ref-type="ref"}, [20](#ijc31665-bib-0020){ref-type="ref"}, [21](#ijc31665-bib-0021){ref-type="ref"} Other receptors, such as the chemokine receptor CXCR4, are also believed to be involved in breast cancer dissemination *in vivo*.[22](#ijc31665-bib-0022){ref-type="ref"}, [23](#ijc31665-bib-0023){ref-type="ref"} Yet, whereas pre‐clinical studies targeting chemokine receptors or their ligands significantly inhibited breast cancer metastasis[12](#ijc31665-bib-0012){ref-type="ref"}, [13](#ijc31665-bib-0013){ref-type="ref"}, none of these treatments are currently implemented in the clinical setting. Moreover, strategies that were developed to target EGFR in cancers such as colon and head and neck, including the use of mAbs to block ligand binding, and small molecule tyrosine kinase inhibitors[24](#ijc31665-bib-0024){ref-type="ref"}, [25](#ijc31665-bib-0025){ref-type="ref"}, [26](#ijc31665-bib-0026){ref-type="ref"}, [27](#ijc31665-bib-0027){ref-type="ref"} were not approved for treatment of breast cancer. The failure to translate pre‐clinical studies into clinical therapy aimed at averting the dissemination of tumor cells may stem, at least in part, from the promiscuity of receptors involved in their migration and the wealth of chemokines present in the cancer milieu. Identifying MOSPD2 as a protein that is ascribed to promoting migration induced by an array of chemokines (this manuscript and Ref. [14](#ijc31665-bib-0014){ref-type="ref"}) may, therefore, lead to the development of strategies to block its expression and consequently circumscribe metastasis of tumor cells from different origins, including the breast. Moreover, the expression of such a protein on the plasma membrane of tumor cells offers the potential application of immunotherapy strategies such as CAR‐T cells and bi‐specific antibodies to induce tumor destruction. The precise region in MOSPD2 that facilitates its function in breast cancer cells is currently unknown but it is of great importance to the further development of inhibitory compounds. Since MOSPD2 does not, presumably, incorporate a cytoplasmic tail, we speculate that it may pair with surface membrane proteins to serve as a co‐receptor in a complex that is necessary to promote cancer cell chemotaxis migration. Different approaches are currently being taken to identify potential partners for MOSPD2.

Although most of our study focused on the triple negative cell line MDA‐231, the data in this study indicate that MOSPD2 plays a role in the migration process of other breast cancer cells of different classifications. Furthermore, tumor microarray staining of MOSPD2 was, by in large, positive only in invasive and metastatic cells regardless of their classification. In view of these results, we propose using MOSPD2 as a potential target for the treatment of metastatic breast cancer by inhibiting migration and/or by eliminating MOSPD2^+^ tumor cells.
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**Figure S1.** Deletions (−) and mismatches (bold) in the DNA sequences of clones derived from CRISPR‐MOSPD2 or CRISPR‐Control treated MDA‐231 cells.
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**Figure S2.**
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